Previous studies have shown that the mitochondrial coxII.i3 intron is absent in all rosids examined, in Philadelphus (Hydrangeaceae, Cornales), and in Catharanthus and Vinca (Apocynaceae, Gentianales). We surveyed for the presence or absence of this intron in 177 species representing all orders of angiosperms, where it is primitively present. The intron appears to have been lost independently in Gnetales, Laurales, Zingiberales, Ranunculales, Saxifragales, rosids, Santalales, Caryophyllales, Ericales, Cornales, Gentianales, Lamiales, Boraginales, Aquifoliales, Asterales, Dipsacales, as well as in the genus Escallonia. Depending upon the phylogenies used to interpret the losses, and due to lack of resolution in some groups, the intron could have been lost up to 27 times in the angiosperms (excluding the loss in Gnetales). The losses sometimes corroborate the monophyly of groups (rosids and Lamiales) or of subgroups within orders (in the Ranunculales, Caryophyllales, Cornales, Gentianales, and Asterales). In other groups, such as the Saxifragales, Ericales, and Dipsacales, the patterns of losses are more complex and would require further study. The presence or absence of the coxII.i3 mitochondrial intron seems a useful phylogenetic marker in some groups, but caution in interpretation is needed as multiple parallel losses have occurred throughout the angiosperms.
Introduction
Major efforts have been made in recent years to improve our knowledge of phylogenetic relationships within the angiosperms (Chase et al. 1993; Soltis et al. , 1999 Soltis et al. , 2000 Angiosperms Phylogeny Group [APG] 1998; Qiu et al. 1999; Savolainen et al. 2000b) . Relationships are becoming clearer, but areas of uncertainty remain, and the search for phylogenetically informative characters is ongoing. Among these, structural rearrangements of the organellar genomes have been used as phylogenetic markers in several groups of plants (Downie et al. 1991; Downie and Palmer 1994; Qiu and Palmer 1997; Qiu et al. 1998b; Graham and Olmstead 2000) . For example, previous studies have suggested that the presence or absence of a group II intron in the cytochrome oxydase subunit II mitochondrial gene, the coxII.i3 intron, could represent a suitable character in supporting the delimitation of taxa in angiosperms (DeBenedetto et al. 1992; Rabbi and Wilson 1993 , and references therein; Dong et al. 1997 Dong et al. , 1998 . We chose to further investigate this structural rearrangement.
The first survey of the loss of the coxII.i3 intron in angiosperms by DeBenedetto et al. (1992) raises the hypothesis that the loss of this intron could characterize the rosids (sensu APG 1998). The only exception to this pattern is the apparently independent loss of the intron in Philadelphus, now placed in the Hydrangeaceae (Cornales, Asterid) (Cronquist 1981; Soltis et al. 1995; APG 1998) . A subsequent study supported the hypothesis that the intron loss is characteristic of the rosids but 1 Author for correspondence; e-mail jolysi@magellan.umontreal.ca.
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introduced evidence for a further intron loss in two closely related genera of Apocynaceae, Vinca and Catharanthus (Rabbi and Wilson 1993) . More recently, Qiu and Palmer (1997) suggested that the loss of the coxII.i3 intron occurred in the common ancestor of rosids I and II. The coxII.i3 intron was found in most mosses, ferns, and gymnosperms Qiu et al. 1998b) , suggesting that its presence is ancestral within the flowering plants. Following Qiu et al. (1998b) , we use the name coxII.i3 for this intron, rather than the coxIIi1 nomenclature of Dong et al. (1998) , because two additional upstream introns are present in Marchantia (Y.-L. Qiu, personal communication) .
Because the taxon sampling in the previous studies was limited within angiosperms (but see Qiu and Palmer 1997) , we surveyed for the presence or absence of this intron in representative species of all orders of angiosperms, using the classification of the APG (1998) as our basis for selecting taxa and for interpreting the results. Our first objective was to determine whether the intron loss could be a good phylogenetic marker for the rosids, as defined by the APG (1998), thus helping to delimit this major angiosperm clade. Further, because independent losses were known to have occurred in at least two other angiosperm groups, we chose to survey widely across the angiosperms to assess the utility as a phylogenetic marker of the intron loss in other groups.
Material and Methods
A total of 177 species representative of each order of basal angiosperms, monocots, and eudicots was surveyed for the presence or absence of the coxII.i3 intron. Because our primary emphasis was on eudicots, the monocots and basal angio- sperms were less extensively sampled (only one representative per order). We also sampled Gnetum as a representative of the gymnosperms. In groups where the intron was absent, we increased our taxon sampling when material was available to better circumscribe the intron loss. Most plants were sampled from the living collections of the Montreal Botanical Garden, a few samples were obtained in the field, and others came from plants bought at markets in the Montreal area. Vouchers are deposited at the Herbier Marie-Victorin (MT) (appendix).
To investigate the presence or absence of the intron, we amplified the intron region using two primers corresponding to the 5 and 3 exon coding sequences. The primers used were those designed by Rabbi and Wilson (1993) ; their sequences are given in table 1. The coxII-A primer is located 178 bp upstream from the intron, while the coxII-Icr primer is 89 bp downstream from the site of excision. In their study, a probe corresponding to the intron sequence hybridized with the larger amplified fragments (ranging from 1200 to 1635 bp) indicating the presence of the intron, but it did not hybridize with the smaller fragments (ca. 300 bp) where the intron was absent. Similarly, using the polymerase chain reaction (PCR) method and their primers, amplification of large fragments should indicate the presence of the intron, while fragments of ca. 300 bp provide evidence for absence of the intron. To verify the validity of our approach, we amplified the intron region in several previously investigated species, including Daucus carota, Capsicum sp., Cucumis sativa, Beta vulgaris, and Zea mays.
Total DNA was extracted from 1 g of fresh leaf material following the CTAB (hexadecylmethyl-ammonium bromide) extraction method of Doyle and Doyle (1987) . The PCR reaction contained, for a final volume of 100 mL, 1 X PCR reaction buffer (containing 1.5 mM MgCl 2 ), 1 mM of each primer, 200 mM of each dNTP, 1% of Igepal, 2 U of Taq polymerase (Boehringer), and 30 ng of DNA. Samples were brought to 94ЊC for 1 min (denaturation), 55ЊC for 1 min (annealing), and finally to 72ЊC for 3 min (elongation) for 35 cycles. Fragments were analyzed on 1.5% agarose gel (1 X TBE) with a 100 bp ladder marker (Boehringer), and the size was estimated to the nearest 10 bp after comparison with a logarithmic curve built from the migration distances of the ladder.
Our results are interpreted following the consensus tree given by the APG (1998), with some modifications as suggested by the following studies. The consensus reached in several recent studies was used for the position of the primitive angiosperms (Mathews and Donoghue 1999; Qiu et al. 1999; Sanderson et al. 1999; Soltis et al. 1999 Soltis et al. , 2000 ; the phylogeny of the monocots was adjusted using Davis (1999) ; the position of the Saxifragales, Vitaceae, Caryophyllales, Dilleniaceae, and Santalales in relation to eurosids and asterids is that suggested by Soltis et al. (2000) . The gymnosperms, including Gnetum, were presumed to be monophyletic, following Winter et al. (1999) , Chaw et al. (2000) , and Bowe et al. (2000) . The tree used for optimization of the coxII.i3 intron thus represents a composite of consensus trees from several of the above studies. In general, character optimization should be performed on one of the most parsimonious trees rather than on a consensus (Maddison and Maddison 1992) . However, in all cases where polytomies occur in the consensus, the number of losses of the coxII.i3 intron is not affected by the lack of resolution because they occur in derived positions within each of the clades. Potentially problematic cases are individually discussed.
Unlike group I introns, for which recent studies have shown a propensity for multiple parallel gains through lateral transfer (intron homing; Cho et al. 1998) , group II introns are not known to transfer laterally . For this reason, Dollo parsimony, which prohibits parallel gains, is preferred over Camin-Sokal parsimony in optimizing the loss of the coxII.i3 intron (Le Quesne 1975; Farris 1977a Farris , 1977b . In our interpretation of the evolution of the coxII.i3 intron, we make the assumption that the loss is irreversible (Downie et al. 1998) . The evolutionary pattern of the multiple losses of the coxII.i3 intron in the angiosperms was therefore optimized manually using Dollo parsimony on the consensus tree.
Results
A single band was obtained in all PCR reactions. When the amplified fragment ranged in size from 710 (Acorus calamus) to 3400 bp (Magnolia lilifolia), the intron was assumed to be present ( fig. 1 ). When the amplified fragment varied from 240 to 300 bp, the intron was considered to be absent ( fig. 1 ). The species previously investigated (including Daucus carota, Capsicum sp., Cucumis sativa, Beta vulgaris, and Zea mays) gave the same results as those obtained in other studies, confirming the validity of our approach.
The presence or absence of the coxII.i3 intron and its size for all the taxa studied are given in the appendix, and its loss is optimized on the consensus tree ( fig. 2 ). Terminal taxa on the tree are orders, except for families that were not assigned to orders by APG (1998) or where increased resolution was needed for orders in which the intron was both present and absent (then shown as families or genera). Optimization on the phylogenetic trees suggests that independent losses occurred in Gnetales, Laurales, Zingiberales, Ranunculales, Saxifragales, rosids, Santalales, Caryophyllales, Ericales, Cornales, Gentianales, Lamiales, Boraginales, Aquifoliales, Asterales, Dipsacales, as well as in the genus Escallonia (figs. 2-5). Our sampling suggests that the loss in these groups may involve entire orders (or major groups as the rosids) or only a few families, genera, or even species within a particular order.
Discussion
In many taxa, the loss of the coxII.i3 intron corroborates recent phylogenies in supporting their monophyly or that of subgroups within them. Among the first branches of the angiosperms, the intron is present in almost all groups surveyed (i.e., basal angiosperms, most monocots; see below). For this reason and because the intron is present in most mosses, ferns, and gymnosperms (Qiu et al. 1998b ), the intron is interpreted as being primitively present in the angiosperms, with its absence the result of a loss in more derived groups ( fig. 2) . We discuss the implications as a phylogenetic marker of the intron loss in each of the taxa where our survey suggested such a loss. We begin our discussion with taxa in which the intron loss seems to be a deep phylogenetic marker, followed by a discussion of groups in which the intron has been lost either more than once or in which the pattern of losses does not appear to corroborate recent phylogenetic studies.
coxII.i3 as a Phylogenetic Marker
The absence of the intron in Gnetum suggests an independent loss in the gymnosperms because, besides the Gnetales, all gymnosperms have the intron, with the exception of Metasequoia (Qiu et al. 1998b ). Although we only surveyed Gnetum within the order, Qiu et al. (1998b) reported a loss for Ephedra and Welwitschia also, thus providing a further phylogenetic marker for this order.
In the Ranunculales, the intron is absent in the Ranunculaceae and Berberidaceae but present in at least six of the seven other families of the order (Circaeasteraceae were not included due to lack of material). Thus, our data support recent phylogenetic analyses that suggest Ranunculaceae and Berberidaceae are sister groups (Chase et al. 1993; Hoot and Crane 1995; Kim and Jansen 1995; Savolainen et al. 2000a; Soltis et al. 2000) rather than the more distant relationship proposed by Loconte et al. (1995) .
As suggested from the results of previous studies (DeBenedetto et al. 1992; Rabbi and Wilson 1993) , all rosids sampled lack the coxII.i3 intron, implying a loss in the common ancestor of the clade. Qiu and Palmer (1997) , who considered the intron loss to be a marker for rosids I and II, also noted this. The presence of the intron in the Vitaceae, recently proposed as the sister group of the rosids by Chase (1999) , Savolainen et al. (2000a) , and Soltis et al. (2000) , further suggests that the loss is a synapomorphy of the rosid clade. Morphological, anatomical, and biochemical characters are needed to confirm such delimitation and to better characterize this group. The family Elatinaceae, placed in an uncertain position in eudicots by APG (1998), is now considered a member of Malpighiales by Savolainen et al. (2000b) based on a rbcL analysis. This hypothesis is consistent with the coxII.i3 intron loss in Elatine. This position had been proposed previously by traditional studies that suggested a close affinity of this family to the Clusiaceae (e.g., Corner 1976; Cronquist 1981) .
In the Cornales, the coxII.i3 intron may have been lost only once as it is restricted to two families considered to be sister groups, the Hydrangeaceae and the Loasaceae (Chase et al. 1993; Hempel et al. 1995; Soltis et al. 1995; Xiang et al. 1998 ). The Cornaceae and related taxa possess the intron. The Hydrostachyaceae, which was not surveyed, should be investigated in future studies, as it has been proposed as the sister group to the Hydrangeaceae-Loasaceae clade by Hempel et al. (1995) . More recently, in their phylogeny based on sequences of three genes, Soltis et al. (2000) reported that the Hydrostachyaceae was nested in the Hydrangeaceae clade. Such a topology would imply that Hydrostachyaceae lack the intron.
Other Independent Losses
Among the more primitive angiosperms, Calycanthus (Calycanthaceae), the only member of the Laurales surveyed in this study, lacks the intron. Likewise, the intron is present in all of the monocots investigated except in Kaempferia of the Zingiberaceae (Zingiberales), a member of the commelinoid group, but only a single species in each of the monocot orders was investigated. The intron also appears to have been lost independently in the Santalales, but only Comandra richardsiana was investigated. Further sampling is needed to better delimit the extent of the loss in each of these three groups.
In the euasterids I, the coxII.i3 intron is present in Garryales and Solanales but absent in all Lamiales surveyed and in some Boraginales and Gentianales. Recent phylogenetic analyses suggest that these represent independent losses. Within the Boraginales, the intron is present in Hydrophyllum but absent in Borago (no other genus was surveyed). In the Gentianales, the intron is present in the Gentianaceae, Loganiaceae, and most Apocynaceae. However, Catharanthus and Vinca, nested within the Apocynaceae, lack the intron (Rabbi and Wilson 1993 ; this study), as does Coffea (Rubiaceae; no other genus in the family was studied). Recent phylogenetic analyses of the Gentianales (Backlund et al. 2000; Oxelman and Bremer 2000) suggest that these would represent independent losses within the order.
Within the euasterids II, the intron is absent in the two species of the genus Ilex (Aquifoliaceae) studied, but no other member 2 Presence (white branches) or absence (black branches) of the coxII.i3 intron across the angiosperms (composite tree from APG 1998; modified according to Davis 1999 , Mathews and Donoghue 1999 , Qiu et al. 1999 , Sanderson et al. 1999 , Winter et al. 1999 , Bowe et al. 2000 , Chaw et al. 2000 , and Soltis et al. 2000 . Hatched branches indicate groups in which loss of the intron was partial or where phylogenies are poorly resolved (see "Discussion"). Asterisks indicate results obtained by Dong et al. (1997) . Terminal taxa are orders, unless families were not assigned to orders by APG (1998) or unless increased resolution was needed in orders where the intron is both present and absent (then shown as families or genera).
of the family nor of the other two families in the order Aquifoliales, the Helwingiaceae and the Phyllonomaceae, were surveyed. In the Asterales, all Campanulaceae investigated lack the intron, while members of the other families examined possess the intron (i.e., Asteraceae, Goodeniaceae, and Menyanthaceae), which suggests the intron loss may be a phylogenetic marker for the Campanulaceae. A loss also has occurred in Escallonia, previously placed in an uncertain position in euasterids II by and APG (1998). Savolainen et al. (2000b) recently placed this taxon at the base of a clade leading Soltis et al. (2000) . The genus Paeonia is in bold to represent the different interpretations possible when it is placed in a saxifragoid clade or in a hamamelid clade.
Fig. 4
The two losses of the coxII.i3 intron in the Caryophyllales optimized on a consensus tree from three recent studies (Fay et al. 1997; Lledo et al. 1998; Nandi et al. 1998 ). The black branches indicate the loss of the intron. Terminal taxa are families, and they may represent one or more species surveyed in this study (appendix). Dilleniaceae is the outgroup for the order.
to Apiales and Asterales, which suggests that this represents an independent loss.
More Complex Cases
In most recent studies of the Saxifragales, the clade consisting of Cercidiphyllum, Hamamelis, and Liquidambar (hamamelid clade) is considered to be a monophyletic group sister to the Saxifragales s. str. (saxifragoid clade; Chase et al. 1993; Qiu et al. 1998a) . In those studies, the genus Paeonia is considered to be either a member of a hamamelid clade or of a saxifragoid clade (shown as unresolved in fig. 2 ). When Paeonia is placed within a saxifragoid clade ( fig. 3A : Chase et al. 1993; , two independent losses are inferred, one in Paeonia and one in the hamamelid clade. When placed within a hamamelid clade ( fig. 3B :  fig. 3C : Qiu et al. 1998a) , the intron loss is interpreted as having occurred only once within the order. Thus, depending upon the position of Paeonia within the Saxifragales, one or two intron losses may be inferred within the order. The phylogenetic study of Soltis et al. (2000) shows the hamamelids as paraphyletic instead of monophyletic, a pattern of relationships that would suggest five independent losses of the intron in the Saxifragales (fig. 3D ). Despite the combined use of three genes in the Soltis et al. (2000) study, the relationships within the Saxifragales remain poorly supported, which indicates that the topologies presented need further corroboration ( fig. 3) .
The topologies obtained in the numerous molecular phylogenies published on the Caryophyllales would suggest that the coxII.i3 intron has been lost twice in this order ( fig. 4 ; Giannasi et al. 1992; Rettig et al. 1992; Chase et al. 1993; Downie and Palmer 1994; Williams et al. 1994; Fay et al. 1997; Lledo 1998; Nandi et al. 1998) . One of these losses occurred in the ancestor of the Caryophyllaceae (all Caryophyllaceae sampled lack the intron) and is confined to this family within the Caryophyllales s. str. (e.g., Cronquist 1981) , an additional feature that suggests the family is unique within the group. A second loss has occurred in the common ancestor of Polygonaceae and Plumbaginaceae, two families considered to be sister groups in recent molecular phylogenetic analyses (Fay et al. 1997; Lledo et al. 1998 ) and in some traditional classification systems (e.g., Cronquist 1981) . However, we cannot be sure that this loss is limited to this clade because the Simmondsiaceae, which occurs as sister to these two families in the Fay et al. (1997) these two families as all other potential sister groups possess the intron (Lledo et al. 1998; Soltis et al. 2000) .
Among the families of the Ericales studied, the intron is absent in the Actinidiaceae, Clethraceae, Ericaceae, Fouquieriaceae, Lecythidaceae, Polemoniaceae, Sarraceniaceae, Sapotaceae, Symplocaceae, and Theaceae but is present in Balsaminaceae, Ebenaceae, Macgraviaceae, Primulaceae, Styracaceae, and Theophrastaceae (appendix). Recent phylogenetic analyses of the Ericales differ from each other in numerous respects and often do not include all of the above families (Anderberg 1993; Chase et al. 1993; Kron 1996; Morton et al. 1996; Nandi et al. 1998) . Thus, it is difficult to assess with confidence the possible number of losses of the intron within the order based on these studies. However, Savolainen et al. (2000b) have recently published a rbcL phylogeny that includes more families, particularly in the Ericales, and the relationship among them is better resolved. Following their topology, the coxII.i3 intron appears to have been lost at least five times in the Ericales; this is a minimum since we did not survey all the families ( fig.5) . One of the groups clearly defined by the loss is the Ericaceae and the families surrounding them: Clethraceae, Theaceae, Sarraceniaceae, Actinidiaceae, and Lecythidaceae. This would suggest that families not surveyed here but considered as nested within this group according to Savolainen et al. (2000b) , i.e., Cyrillaceae and Roridulaceae, should also lack the intron. The close affinity among these families, particularly Clethraceae, Actinidiaceae, Sarraceniaceae, and Ericaceae, had also been suggested by Kron (1996) and Nandi et al. (1998) .
In the Dipsacales, the coxII.i3 intron has been lost in three of the four families following APG (1998): Adoxaceae, Caprifoliaceae, and Valerianaceae. Recent phylogenetic analyses of the Dipsacales would suggest these represent three independent losses of the intron within the order (Donoghue et al. 1992; Backlund and Bremer 1997; Savolainen et al. 2000b; Soltis et al. 2000) . However, studies of the Dipsacales still have insufficient taxon sampling for a rigorous interpretation of our results.
Variation in Intron Length
In some groups, variation in the size of the intron may be of phylogenetic use. For example, within the Ranunculales, Papaveraceae have a larger intron than the other families of the order. They bear an intron of more than 1740 bp, while other families in the order all have an intron less than 1430 bp. Albertazzi et al. (1998) found that the intron of Acorus is the smallest observed in the angiosperms, a result supported by our analysis of a wider and complementary sampling of angiosperms. Such variations in intron length may be due to the presence of different insertion elements in different taxa (Rabbi and Wilson 1993; Dong et al. 1997 ) rather than to the presence of nonhomologous introns at the same position. However, when the intron is lost, the amplified fragment size is constant (ca. 300 bp), which Ouyang et al. (1997) attribute to the loss having occurred via an RNA/cDNA intermediate (see Downie et al. 1991 for the chloroplast genome). The transfer of the coxII gene to the nucleus is reported by Nugent and Palmer (1991) and Adams et al. (1999) in the Fabaceae, which they suggested also is effected through an RNA intermediate. Such a transfer could result in the loss of the intron for some taxa but not in the Fabaceae (a member of the rosids) or in other groups where the intron was lost prior to the transfer.
Conclusion
This survey of the presence or absence of the coxII.i3 intron in all orders of angiosperms indicates the potential as a phylogenetic marker of such structural mutations of the mitochondrial genome. However, the pattern of losses is often complex and only can be interpreted in conjunction with robust phylogenetic studies for the groups in which the intron is partially or completely absent. The coxII.i3 intron could have been lost as many as 27 times in the angiosperms or 29 times in seed plants with the losses in Gnetales and Metasequoia. However, more robust phylogenies are needed in some groups to determine the exact circumscription and number of losses (e.g., Saxifragales, Ericales, and Dipsacales). Despite the numerous parallel losses of the coxII.i3 intron in the angiosperms, we conclude that the absence of this intron could be a useful marker that corroborates recent molecular phylogenies and sometimes traditional classifications showing the monophyly of the Gnetales, Ranunculales (in part), rosids, Caryophyllales (in part), Cornales (in part), Lamiales, and Campanulaceae. Nevertheless, as noted by Graham and Olmstead (2000) , structural rearrangements should not be looked upon as infallible markers of common ancestry because they can arise in parallel. Table A1 (Continued )
